Introduction
Black carbon, which is emitted by incomplete combustion of fossil fuel, biofuel, and biomass carbon, is a major contributor to global warming because it absorbs solar radiation in the air. 1 It is important to reveal the structure and composition of individual aerosol particles containing black carbon (BC) as they are studied in climate simulations. 2, 3 Because of the small size of BC, transmission electron microscopy (TEM), electron energy-loss spectroscopy (TEM-EELS), and energy dispersive X-ray spectroscopy (EDX) 4, 5 have been used for their analyses. From these analyses, it has been found that BC in the particles is typically formed of aggregated carbonaceous spherules measuring a few tens of nanometers in diameter. The aggregations of BC were coated with sulfates and/or organic matter. The aggregations of BC were 100 to 200 nm in diameter and the particles containing BC was about 1 μm. In these analyses, the structure of aerosol particles containing BC and the composition of the coating materials has been clarified only in fragments mainly due to irradiation damage caused by electron beams on the particles.
Sakamoto et al. 6 developed a time-of-flight secondary ion mass spectrometer (TOF-SIMS) with a gallium focused ion beam (FIB) featuring the highest lateral resolution in the world. The apparatus can analyze a single aerosol particle with a lateral resolution of 40 nm. A cross-section of a particle can also be analyzed followed by FIB milling. Individual aerosol particles have already been analyzed with the apparatus to clarify their chemical reactions and sources. 7, 8 In this study, we attempted to analyze fine aerosol particles containing BC using the TOF-SIMS.
Experimental

Aerosol sample
Two kinds of aerosol particles were studied. One sampling of particles was collected at Fukue Island, Nagasaki Prefecture, Japan, in April and November 2011. The other was collected at the Kogakuin University campus (Hachioji, Tokyo, Japan) in April and October 2011. A custom-made single stage impaction sampler 9 was used for the sampling. Each sampling was performed for 10 min at a suction rate of 1.5 L min -1 .
TOF-SIMS apparatus and analytical procedure
The TOF-SIMS apparatus has two beams, a gallium FIB as the primary ion beam and an electron beam (EB). 6 The base pressure of the specimen chamber was around 3.0 × 10 -6 Pa. The SEM image of particles with high resolution was obtained by a field emission scanning electron microscope (JSM6700F, JEOL).
The analysis of particles containing BC was performed with the procedure as mentioned below because the fine particles were easily subject to consumption by FIB irradiation. At first, the fine particles were located on the silicon wafer by observation with SEM. Next, fine aerosol particles were observed by FIB-induced secondary electron image before and after FIB sputtering. The other fine particles were located by observation with SEM. The elemental mapping in negative or positive secondary ion modes was repeatedly performed over a wide area and for one particle, until the interior structure of particles had been elucidated or the particles had been completely removed. In the only elemental mapping, all the carbon-containing species (BC, organic matter and other carbonaceous materials) † To whom correspondence should be addressed. E-mail: mayama.n.aa@m.titech.ac.jp Fine aerosol particles were analyzed by time-of-flight secondary ion mass spectrometry with high lateral resolution. After sulfate particles with a diameter of about 1 μm were sputtered by gallium primary ions (a gallium focused ion beam), solid materials with a diameter of about 100 nm were occasionally found inside the particles. Since the mass spectrum for the solid material was almost the same as that of graphite, we concluded that the solids were black carbon. It was also found that the black carbon located at the surface of the sulfate core, and they were usually surrounded by organic matter. 
Characterization of Black Carbon in Fine Aerosol
Notes
were mapped as 12 C -and related secondary ions. They were specified from the mass spectrum pattern as described in the results. The FIB pulse duration was 300 ns, and 50 -100 shots per pixel were employed. The FIB current was about 300 pA in direct current mode. The time for an elemental mapping (64 × 64 pixels, 100 shots per a pixel) was less than 1 min.
Results and Discussion
Morphology
In the FIB-induced secondary electron image of aerosol particles collected at Fukue Island after FIB sputtering, it was found that some kinds of solids with a diameter of about 100 nm occasionally remained within the particles. The solids always located at the edge of the particles. Such particles were observed on all samples collected at Fukue Island and Kogakuin University. TOF-SIMS analysis was performed for the sample collected at Fukue Island in April. Figure 1 shows the repetition of elemental mappings of negative and positive analysis mode for one of the particles discussed here. In the first negative mapping (Fig. 1(b1) ), it was clear that sulfate ions (SO2 -) were surrounded by carbon ions (C2 -). Here, SO2
Chemical composition of the small solids
-and C2 -are used as indicators of sulfates and carbonaceous materials, respectively, instead of SO4 -and C -because they are the most intense peaks. In the sulfate area, nitrate ions (NO2 -and NO3 -) were detected in small accounts. In the positive mode ( Fig. 1(a1) ), sodium (Na + ) and potassium (K + ) ions were detected throughout the particle. The sulfate area consisted of sodium or potassium sulfates and nitrates. In the carbon area, some sulfates and nitrates could be detected because the number of Na + and K + ions was much less than that in the sulfate area, and these ions were highly sensitive to the analysis using SIMS. 10 In the second mapping (Fig. 1(b2) ), carbon was located next to sulfates. In the last mapping ( Fig. 1(b3) ), only carbon remained. In the elemental mapping, it was not clear whether the carbon area consisted of organic carbon or elemental carbon, i.e., BC. Figure 2 shows mass spectra of negative analysis mode at the carbon area in the first and last mappings shown in Figs. 1(b1)  and 1(b3) and that of graphite (Nilaco, purity of 99.999%). In Fig. 2 Mass spectra of negative analysis mode in carbon area in the first (a) and last (b) mappings in Fig. 1 and that of graphite (c). O and Cl in the spectrum (c) are secondary ion from contamination. Fig. 1 TOF-SIMS positive (a) and negative (b) elemental maps for one sampling of the particle discussed here for three mappings (first (1), second (2) and last (3)). The dashed line represents the outline of the particle before the mapping.
Identification of carbon by mass spectrum
the spectrum in the first mapping ( Fig. 2(a) ), the carbon ions and cluster ions, C -and C2 -, were detected and C3 -was detected in small accounts. The mass to charge ratio of m/z = 48 might not only be carbon cluster ions, C4 -, but also sulfate ions, SO -, because sulfur and sulfate ions, S -and SO2 -(m/z = 32 and 64, respectively), were also detected. In the same way, the mass to charge ratio of m/z = 60 might be not carbon cluster ions, C5
-, but silicate ions, SiO2 -, from silicon wafer substrate. In the spectrum in the last mapping ( Fig. 2(b) ), the carbon cluster ions of C -, C2 -, C3 -, C4 -, C5 -and C6 -were detected clearly. Especially, C3
-and C6 -(m/z = 36 and 72, respectively) were most evident. The detected ions in the carbon area in the last mapping showed good agreement with those of graphite as the reference of elemental carbon. The remaining solids consisting of carbon were identified as BC by using the TOF-SIMS. In the mass spectra of positive analysis mode at the carbon area in the first mapping, hydrocarbons were detected, which were consistent with those of engine oil as the index of an organic matter.
Structure of particles containing BC
From the results described above, it is thought that the particles containing BC might have a structure where the BC is located on the surface of the sulfate that serves as the core of the entire particle, and that organic matter usually surround the sulfates and BC. Figure 3 shows the high-resolution SEM image of the particle collected at Fukue Island. This image supports the estimated structure. Though in SEM observation, only the surface can be clarified, in this study, the structure of the particle containing BC was clarified from surface to interior.
Conclusions
Fine aerosol particles were analyzed using high lateral resolution TOF-SIMS. After sulfate particles with a diameter of about 1 μm were sputtered by FIB, solid materials in the particles occasionally remained. Based on the results of FIB-induced secondary electron image, elemental mapping and mass spectra before and after FIB sputtering, we concluded that the solids were identified as BC. It was also found that BC located at the surface of the sulfate core, and all of them were usually surrounded by organic matter.
